The kinetics of attachment and ingestion of Chlamydia trachomatis serotype Li by monolayers of McCoy cells were studied by using a method that discriminated between attachment and uptake. When about 1% of the McCoy cells was infected, the proteinase K-resistant chlamydial fraction, regarded as ingested chlamydiae, reached a constant value after about 3 h of incubation at 37°C. Uptake of chlamydiae at 4°C could not be demonstrated. The attached and ingested chlamydial fractions were constant over an eightfold increase in chlamydial inoculum. Chitobiose and chitotriose, the di-and trisaccharides of N-acetyl-Dglucosamine, reduced the association of C. trachomatis serotype Li with McCoy cells. Higher concentrations of chitobiose also selectively inhibited ingestion of chlamydiae. A corresponding effect of chitobiose was also observed on the number of chlamydial inclusions. Wheat germ agglutinin, specific for N-acetyLDglucosamine residues, reduced the association of chlamydiae when incubated at 4°C, but not at 37°C. A small inhibiting effect of concanavalin A on association of chlamydiae, but no effect of the corresponding carbohydrates, indicates a nonspecific effect on chlamydial attachment of this lectin. These results suggest that P1-4-linked oligomers of N-acetyl-D-glucosamine are important in the specificity of attachment of C. trachomatis to McCoy cells.
The kinetics of attachment and ingestion of Chlamydia trachomatis serotype Li by monolayers of McCoy cells were studied by using a method that discriminated between attachment and uptake. When about 1% of the McCoy cells was infected, the proteinase K-resistant chlamydial fraction, regarded as ingested chlamydiae, reached a constant value after about 3 h of incubation at 37°C. Uptake of chlamydiae at 4°C could not be demonstrated. The attached and ingested chlamydial fractions were constant over an eightfold increase in chlamydial inoculum. Chitobiose and chitotriose, the di-and trisaccharides of N-acetyl-Dglucosamine, reduced the association of C. trachomatis serotype Li with McCoy cells. Higher concentrations of chitobiose also selectively inhibited ingestion of chlamydiae. A corresponding effect of chitobiose was also observed on the number of chlamydial inclusions. Wheat germ agglutinin, specific for N-acetyLDglucosamine residues, reduced the association of chlamydiae when incubated at 4°C, but not at 37°C. A small inhibiting effect of concanavalin A on association of chlamydiae, but no effect of the corresponding carbohydrates, indicates a nonspecific effect on The genus Chlamydia is a group of obligate intracellular bacteria with a unique growth cycle. The genus comprises two species, C. trachomatis and C. psittaci. There has recently been an increasing awareness of human infections caused by chlamydiae. They may cause trachoma, inclusion conjunctivitis, genitourinary tract infections, lymphogranuloma venereum, psittacosis, and other less frequent infections (9, 20, 24) .
Chlamydiae enter nonprofessional phagocytes by an endocytic process which differs from classical phagocytosis in being resistant to cytochalasin B (10, 18) . When elementary bodies with a diameter of about 0.3 ,um enter cells, they reorganize after 6 to 8 h into reticulate bodies with a diameter of about 0.8 pm. These are metabolically active, multiplying by binary fission, fragmentation, and budding (17) . After another 20 h, the reticulate bodies again reorganize into elementary bodies, which are eventually released to infect new cells. The whole infectious process may therefore be divided into four stages: (i) attachment, (ii) ingestion, (iii) intracellular development of the parasite, and (iv) release of infectious elementary bodies. Polycations and polyanions increase or decrease the attachment of different chlamydiae to the cell surface (4, (12) (13) (14) 21) . This can, at least in some situations, be referred to differences in the overall surface charge between different chlamydiae (21) . The attachment has also in some studies been suggested to be mediated by specific receptor sites on the host cell surface (5, 14, 16) , analogous to reported receptors for a variety of other bacteria (1) . Chlamydiae are endocytosed by host cells more efficiently than are Escherichia coli and 0.5 to 1-[Lm-diameter polystyrene latex spheres (7) . The efficient adhesion of chlamydiae to host cells might be caused by an evolutionarily selected chlamydial cell surface which exposes a structure with a high affinity for common, widely distributed components of normal host cells (19) . Such a structure has not yet been identified. The objectives of the present study were to further characterize the attachment and ingestion of chlamydiae by using lectins and carbohydrates as ligand and receptor analogs, respectively, and to follow the kinetics of infection by using a technique that discriminates between attached and ingested chlamydiae. (21) .
Preparation of unlabeled and '4C-labeled C. matis. Chlamydiae were cultured in McCoy cc purified by 20 to 54% Renografin gradient cen tion as described before (21) . However, in the study, the purification step with trypsin, RNa DNase was omitted for 14C-labeled chlamydi; the final purification in a Renografin gradie omitted for unlabeled chlamydiae. Each prep was titrated with centrifuge-assisted infection clusion-forming units (IFU) before use (21) .
Inclusion counting. Determination of IFU hz described previously (21 Wheat germ agglutinin (WGA), specific for N-acetyl-D-glucosamine residues (and N-acetylneuraminic acid), and concanavalin A (ConA), specific for ca-D- 4 mannopyranosyl and a-D-glucopyranosyl residues, were purchased from Pharmacia Fine Chemicals AB, Uppsala, Sweden. Ricinus communis lectin type I )eled C.
(RCA-I), specific for P-D-galactose and structurally 7C and similar residues, all fluorescein isothiocyanate-labeled adioaclectins, i.e., WGA, ConA, RCA-I, Limulus polyrhemus activity agglutinin (LPA), specific for N-acetylneuraminic tivity at acid, Dolichos biflorus agglutinin (DBA), specific for at 4°C:
terminal nonreducing a-linked N-acetyl-D-galactosdishes.
amine residues, and peanut agglutinin (PNA), specific 
RESULTS
McCoy cell-associated and proteinase K-resistant fractions of C. trachomatis serotype Li at 37°C and 4°C. The kinetics of association and uptake, the latter reflected by proteinase K-resistant radioactivity of C. trachomatis serotype Li by McCoy cells, were determined at between 0.5 and 4 h at 37°C after inoculation with chlamydiae. After 0.5 h of incubation, the proteinase Kresistant fraction was about 30% of the associated radioactivity. Proteinase K-resistant radioactivity increased most rapidly during the first 2 h, and after 3 h of infection, the ingestion phase was completed, whereas total associated radioactivity leveled off earlier (Fig. 1) . ;ociation and proteinase K-resistant 40C with McCoy cells, 38% of the total associatity were measured between 0.5 and 3 h ed amount was proteinase K resistant (Table 1) .
[on at 40C. The association increased After decanting of the inoculum and washing of but the proteinase K-resistant frac-the cell monolayers, reincubation for 2 h at 370C isured as a percentage of the total increased the proteinase K-resistant fraction to amounts, remained somewhat con-71% without significantly affecting the total as-)out 35% (Fig. 1) . sociated amount. Reincubation for 2 h at 40C did iture shift experiments. When C. tro-not change the proteinase K-resistant fraction.
serotype Li was incubated for 2 h at Association and uptake of different inocula of C. trachomatis serotype Li by McCoy cells. The total McCoy cell-associated amount of C. trachomatis serotype Li increased with increasing inocula. However, the associated fraction as a percentage of inoculated amount remained constant at about 20% after 3 h of incubation at 37°C (Fig. 2) . Also, the proteinase K-resistant fractions measured as a percentage of the total associated amount remained constant at about 65%.
Effects of lectins on the association of C. chlamydiae decreased (Table 4) . Chitobiose had the greatest effect, and at a concentration of 2.4 mM, the proteinase K-resistant fraction also decreased. The other mono-and disaccharides tested had no effect on the association.
Effect of carbohydrates on the inclusion forma- (23) , to selectively remove attached chlamydiae. Byrne (6) was the first to use a protease (trypsin) to separate attached from ingested C. psittaci. After chlamydiae were allowed to attach to McCoy cells at 4°C, the proteinase K-resistant fraction increased when the cells were reincubated at 37°C, but not at 4°C (Table 1 ). The proteinase K-resistant value at 4°C can hardly represent ingested chlamydiae, considering the temperature shift experiments in Table 1 and the kinetics of infectivity at 4°C shown in Fig. 1 . This fraction may represent chlamydiae attached to cell membrane structures resistant to proteinase K, e.g., glycolipids or resistant glycoproteins. Pretreatment of HeLa cells with trypsin decreases the amount of attached C. trachomatis serotype Li (7) . Since this inhibition is incomplete, this result supports the concept of protease-insensitive attachment sites for serotype Li. With our small infectious doses, with about 1% of the cells being infected (data not shown), ingestion of C. trachomatis serotype Li was complete after 3 h at 37°C. At this time, however, the main part of the inoculum was still unattached. Temperature inactivation of chlamydiae (12) and reversible binding to host cells may contribute to this result. The use of different amounts of chlamydial inocula did not change the proteinase K-resistant fractions measured as a percentage of the total associated amount of chlamydiae. However, an increase in inoculum size almost linearly increased the total amount of associated 14C-labeled chlamydiae. This was not surprising since in our system only a few percent host cells developed inclusions. As expected, an increase of attachment and thereby of proteinase K-resistant radioactivity also correspondingly increased the number of IFU when the inoculum was doubled (data not shown). Our conclusion is, therefore, that the proteinase K assay gives at least a semiquantitative measure of the McCoy cell-ingested amount of chlamydiae.
We found that the disaccharide of Pl-*4-linked N-acetyl-D-glucosamine reduced attachment, ingestion, and inclusion formation of C. trachomatis serotype Li (Tables 4 and 5 ). The corresponding trisaccharide had a weaker effect, whereas the monosaccharide N-acetyl-D-glucosamine had no effect. The N-acetylamino groups chlamydial strains since the number of IFU was similarly reduced for both C. trachomatis serotypes Li and E (data not shown). This indicates that chitobiose interfered with infectivity by having affinity for a widely distributed surface structure within C. trachomatis. This structure could be different from the one with affinity for a trypsinsensitive site(s) on the host cell surface and the one affected by mild heat (60°C for 3 min), considering that the entry into host cells of LGV strains is partially inhibited by mild heat treatment of the parasite or by trypsin pretreatment (5) suggested that Nacetylneuraminic acid residues on the surface of HeLa cells are the principal, but not the only, receptors for a C. trachomatis serotype K strain. The association of this strain to HeLa cells was inhibited by neuraminidase and Nacetylneuraminic acid but also by, for example, N-acetylglucosamine. However, these carbohydrates were used in much higher concentrations than those in the present study, and their effects were influenced by incubation temperature and presence of polycations. Perhaps this reflects an interplay between ligand-receptor binding and charge interaction. The inhibiting effect of chitobiose was not caused by agglutination of chlamydiae as judged by microscopic examination of chlamydia-chitobiose mixtures (data not shown). Furthermore, 1.2 mM chitobiose only slightly decreased the association of a rough mutant of Salmonella typhimurium (chemotype Rd) and of Yersinia enterocolitica serotype 0:3 to McCoy cells as assessed by microscopic counting of bacteria associated with stained monolayers and the amount of radiolabeled bacteria bound to the cells (data not shown).
In conclusion, our data show that C. trachomatis serotype Li has distinctive attachment and internalization phases when monolayers of McCoy cells are infected, and that proteinase K is a valuable tool to separate these two phases. Oligomers of 14-linked N-acetyl-D-glucosamine residues selectively inhibit attachment and also, in a higher concentration, internalization of C. trachomatis; however, further experiments are required to determine the mechanism of this inhibition.
